lower (p < 0.01), and for every 5 mm increase in ML-offset, there was a 2.6° increase in MTIA (p < 0.01). These results were strongest and statistically significant in females and not in males and were independent of length and weight. Conclusions Proximal femoral geometry is distinctively linked with trochlear morphology. In order to improve knowledge on the physiological kinematics of the knee joint and to improve the concept of kinematic knee replacement, the proximal femur seems to be a factor of clinical importance. Level of evidence III.
If this is the case, total knee arthroplasty (TKA) solely based on distal femoral morphology could create suboptimal component placement which may lead to pain, limited function or lower survival rates. Despite the high rate of TKA, of which 90,842 procedures were reported in the UK for 2012, only 70.8 % of patients report themselves as being much better with the reasoning for the remaining unsatisfactory results unknown [1] . The clinical success of TKA depends heavily on the relative position of the components, which have a direct effect on knee alignment, peri-articular ligament balancing and flexion/extension gap kinematics. Whereas correct component positioning in the coronal plane influences reconstruction of the mechanical axis of the leg, component positioning in the axial plane (often referred to as rotational alignment) affects joint stability in flexion, tibiofemoral and patellofemoral joint kinematics [22] . The incidence of implant malpositioning can be as high as 20-40 % as reported in the literature [21] . To reduce the amount of malpositioning, sophisticated intraoperative aids have been developed such as computer navigation and patient-specific instrumentation (PSI). Although these technologies in general lead to improved radiographic alignment, they do not necessarily lead to improved clinical outcome [5] . Therefore, a more kinematic approach in knee reconstruction has been proposed in addition to classical TKA based on anatomical or mechanical reconstruction of the knee joint. This concept, based on the work of Hollister et al. [12] and others [8, 16] , is considered to be a three-dimensional alignment of components, in contrast to the classical concept which is two dimensional. Clinical results of the kinematic approach are promising, demonstrated by better clinical scores such as WOMAC, KSS and the Oxford knee score [7, 14] . Kinematic analysis of the human knee is also done in the field of ACL reconstruction. Hoshino et al. [13] studied the effect of distal femoral bony morphology on in vivo knee translational and rotational kinematics and found that the location and orientation of the transcondylar axis were significantly related to knee kinematics during high-load functional activity and that this effect was different between males and females. Despite the big interest in kinematic analysis of the physiological knee joint and in kinematic reconstruction of this joint in TKA, it has never been investigated whether the morphology of the proximal femur is correlated with the morphology of the distal femur. If a relationship does exist between the proximal and distal femur, it is necessary to take this into account in the kinematic approach in TKA, potentially leading to improved component placement and better clinical outcome.
Based on the evidence summarised above, indicating that the geometry of the proximal femur is of clinical importance in various conditions affecting the patellofemoral joint, we aimed to investigate this correlation further. The primary hypothesis of this study was that the femoral neck anteversion angle is correlated with the morphology of the distal femoral trochlea. The secondary hypothesis was that this correlation is gender specific. Finally, the study aimed to analyse the correlation between the morphology of the proximal and distal femur further by investigating additional parameters on the proximal femur in the coronal plane (neck-shaft angle and mediolateral offset) and on the distal femur (transepicondylar axis).
To the best of our knowledge, this is the first time that a correlation between the shape of the distal femoral trochlea and morphological parameters of the proximal femur has been investigated, not only in the transverse plane but also in the coronal plane.
Materials and methods
The study used CT scans to collect anthropometric data on 60 octogenarian subjects, of which 30 were male and 30 were female (mean age 83 years, SD 2.8 years, range 80-90 years). These subjects were taken randomly from a large CT database containing healthy Caucasian subjects aged 80 years and older. The scans were made as an extension of a medical prescribed CT scan, mainly to investigate gastro-intestinal or urogenital conditions. Subjects with bone metabolism disorders, skeletal metastases, post-traumatic conditions of the femur or femoral implants were excluded. The local institutional review board (IRB) of the Atrium Medical Centre Heerlen gave approval for this study (number 07-T-44/IIIb), and all subjects gave written informed consent.
Rationale behind outcome parameters
The aim was to choose proximal and distal femoral parameters that were considered to be the most relevant for the function of the femur and its adjacent hip and knee joint, not only in a physiological situation but also after arthroplasty. On the proximal femur, the mediolateral offset (ML-offset) and the neck-shaft angle (NSA) determine the position of the centre of rotation and therefore influence the abductor lever arm. Both parameters are also associated with osteoarthritis of the tibiofemoral joint [3, 20, 33] . The femoral neck anteversion angle (FNAA) determines the rotation of the lower limb in the transverse plane and is among other conditions also associated with anterior knee pain and patellar dislocation [10, 17] . The role of the FNAA in the development of osteoarthritis of the knee is still under debate [9, 11] . On the distal femur, the posterior condylar line (PCL) and the transepicondylar axis (TEA) are used to determine the axial rotation of the distal femur and form key parameters in TKA [22, 30, 32] . The trochlear sulcus angle (TSA) and the medial/lateral trochlear inclination angle (MTIA and LTIA) are key parameters in trochlear morphology and patellofemoral joint kinematics [27, 31] .
Generation of standardised CT models
High-resolution CT scans (scan field of view 500 mm, 1 mm slice thickness, pixel size 0.98 × 0.98 mm) of the 60 subjects were loaded in DICOM file format into Mimics 10.01 (Materialise, Leuven, Belgium). To ensure that the studied femora were consistently aligned, the initial step of every sample analysis was to realign the femur to its mechanical axis (MA) as shown in Fig. 1 . Firstly, a sphere was fitted to the femoral head, followed by locating the centre of the intercondylar notch (INC) [18] . The MA was then defined by joining the centre of the sphere (femoral head centre, FHC) to the INC. The femur was realigned, and reslicing was performed along this mechanical axis with a 1 mm slice thickness. The cortical bone was segmented using the builtin thresholding mask, which is based on the Hounsfield Unit (HU) scale to separate the bone from the soft tissues. The HU scale used ranged from 226 HU minimum to the maximum HU value found on the scan (mean 2,463 HU, range 1,995-3,070 HU). The region growing tool was then used to create a mask, so that a 3D model of the right femur could be formed. The accuracy of CT-based bony measurements has been proven to be around 1 mm (±0.27 mm) using the CT settings described above [23] . Rubin et al. [25] investigating the morphology of the proximal femur comparing CT scans with direct anatomical measurements using a calliper found a similar accuracy, namely 0.8 mm (±0.7 mm).
Definition of landmarks
Once the femur samples had been accurately aligned along the mechanical axis, it was possible to identify key anatomical landmarks and parameters in the proximal and distal femur as displayed in Figs. 2 and 3 , respectively. In the proximal femur, two circles were drawn on the femoral neck of the slice just distal to the most caudal part of the femoral head according to the method described by Sugano et al. [28] , and their centre points were noted (centre 1, centre 2). The femoral neck axis (FNA) was taken to be the angle of the femoral neck at the defined slice level as it is believed to provide the best approximation to the anteversion angle [28] . The position of the FNA was found by joining the centre 1 and centre 2 points (Fig. 2) . This technique was used as it allowed calculation of the FNA using a single image slice, in addition to its repeatability when using Mimics software and CT scans. In the 3D model, the central axis of the proximal femur was found by fitting a cylinder to the periosteal tubular surface of the proximal femur, just distal to the lesser trochanter. The femoral neck axis was reconstructed in 3D by connecting the centre of the femoral head (FHC) and the centre of the femoral neck (Fig. 2 ). In the distal femur, the landmarks identified included the most prominent points of the medial and lateral epicondyles (ME and LE) and the most dorsal aspects of the medial and lateral condyles (MPC, LPC). The clinical transepicondylar axis (TEA) was found by joining the ME and LE points and the posterior condylar line (PCL) from the MPC and LPC points (Fig. 3 ). In addition, the geometry of the trochlear groove was defined at four separate slices perpendicular to the MA, each 5 mm apart, starting at the level of the INC (level 1 = INC; level 2 = 5 mm proximal to INC; level 3 = 10 mm proximal to INC; level 4 = 15 mm proximal to INC). On these slices, the deepest part of the trochlear groove (TG) and the most anterior points of the medial and lateral condyles (AMC, ALC) were marked to represent a consistent measurement of the trochlea. The medial and lateral inclination lines of the trochlea were found by connecting the TG point with the AMC and ALC point, respectively. Finally, x, y, z coordinates of all landmarks were inserted into the anthropometric data spreadsheet. The landmarks of interest are summarised in Table 1 .
Definition of outcome parameters
The anatomical points and axes measured were then processed to derive key anthropometric data for analysis. Firstly, the FNAA was calculated, which was defined as the angle between the FNA and the PCL (Fig. 4) [18] . The NSA was defined as the angle between the proximal femur axis and the FNA [19] . ML-offset was defined as the shortest distance between the FHC and the proximal femur axis (Fig. 2) [19] . At the distal femur, the condylar twist angle (CTA) was defined as the angle between the PCL and the clinical TEA (Fig. 5 ) [36] . The TSA was defined as the angle between the medial and lateral trochlear inclination lines (Fig. 6 ) [31] . The medial and lateral trochlear inclination angles (MTIA and LTIA) were defined as the angles between the PCL and the medial and lateral trochlear inclination line, respectively ( Fig. 7 ) [31] . The outcome parameters and their definitions are summarised in Table 1 .
Statistical analysis
All statistical analyses were carried out in IBM SPSS Statistics 20 (IBM Corp., Armonk, NY). To analyse interobserver reliability, two observers (SW and TB) carried out the identification procedure of the landmarks in a subgroup of 20 subjects. The inter-observer reliability was determined by calculating the intraclass correlation coefficient of the final outcome parameters. The relationship between hip and knee anthropometry was analysed by comparing the FNAA, ML-offset and NSA of the proximal femur to the CTA and the TSA, MTIA and LTIA at various slices, respectively, using Pearson's R correlation. The data were analysed for each anatomical parameter, and the mean and range values were found. A normality test was conducted, and all parameters were found to be normal (Kolmogorov-Smirnov p > 0.05), not only for the group as a whole but also per gender, so an independent samples T test was carried out for all parameters. For all statistical tests, a p value < 0.05 was considered statistically significant. The correct sample size needed to test the hypotheses was calculated using the formula described in Bonett et al. and using Fisher's classic z-transformation [4] . The power was set at 0.8, and the alpha at 0.05. In statistics, a correlation coefficient (R) of 0.4 is considered a moderate correlation and an R of 0.5 is considered to represent a good correlation. Based on R = 0.5, a sample size of 29 subjects was needed. Because the effect of gender was one of the primary outcome parameters, at least 29 males and 29 females were needed (total 58 subjects).
Results
A total of 60 subjects were analysed, including 30 males and 30 females. The average age of the male group was , and in the female group, this was 84.2 years (SD 2.9, range 80-90 years). Although this difference was statistically significant (p = 0.01), we did not consider this clinically relevant. Average height was 173.7 cm (SD 6.1) for males and 160.0 cm (SD 7.7) for females (p < 0.01), and average weight was 74.3 kg (SD 9.7) for males and 64.7 kg (SD 12.8) for females (p < 0.01). The diameter of the femoral head was on average 51.6 mm (SD 2.2) for males and 45.6 mm (SD 2.0) for females (p < 0.01). Regarding the outcome parameters, there was a significant gender difference in the FNAA and the TSA, LTIA and MTIA at level 2 (i.e. 5 mm proximal to the intercondylar notch centre) ( Table 2) .
Looking at the correlation between proximal and distal femur morphology, there was no statistically significant correlation between the CTA and either proximal femoral parameter (Table 3) . However, the average CTA in a subgroup with a relatively low FNAA (lower than the total population's average FNAA of 12.6°, n = 31, average FNAA 6.0°) was 6.4° (SD 1.2), whereas this was 7.1° (SD 1.4) in the subgroup with a FNAA higher than the total population's average (n = 29, average FNAA 19.6°) (p = 0.03). Regarding the TSA, there was only a correlation between the TSA at level 3 and the NSA in the total group (n = 60) (p < 0.05), meaning that subjects with a larger NSA had a relative large TSA at that level. There was no correlation between this parameter in the female/male subgroups separately. The LTIA did not correlate with any proximal femoral parameter at any level. On the contrary, the MTIA did correlate with the morphology at the proximal femur. The MTIA at level 2 and 3 showed a weak correlation with the FNAA in the total group (p < 0.05), again without a correlation in the female and male subgroups. Furthermore, there was a good correlation between the MTIA on the one hand and the NSA and the ML-offset on the other hand. Subjects with a larger NSA and a smaller ML-offset had a smaller MTIA on average. This correlation was present at almost every level and was strongest and statistically significant only in females and the total group, independent of length and weight and thus solely an effect of gender.
In TKA, the margin for correct component rotation is considered to be within ±3°. A more in-depth analysis revealed that the influence of the NSA and ML-offset on Medial epicondylar point ME Most prominent point on medial epicondyle [31] Lateral epicondylar point LE Most prominent point on lateral epicondyle [31] Medial posterior condylar point MPC Most posterior point on medial condyle [31] Lateral posterior condylar point LPC Most posterior point on lateral condyle [31] Trochlear groove point TG Deepest point of trochlear groove [31] Anterior medial condylar point AMC Most anterior point on medial condyle [31] Anterior lateral condylar point ALC Most anterior point on lateral condyle [31] Axes and lines
Mechanical axis MA Axis connecting FHC and INC [18] Femoral neck axis FNA Central axis through femoral neck [28] Proximal femur axis PFA Central axis through proximal femur [19] Posterior condylar line PCL Line connecting MPC and LPC [31] Transepicondylar axis TEA Axis connecting ME and LE [31] Medial trochlear inclination line MTIL Line connecting AMC and TG [31] Lateral trochlear inclination line LTIL Line connecting ALC and TG [31] Angles and dimensions the MTIA exceeded this clinical threshold of 3° on certain levels. Based on the correlation analysis, we can state that per 5° increase in NSA, the MTIA decreases 2.1°. At level 3 (i.e. 10 mm proximal to the intercondylar notch), for example, this means that the MTIA for subjects with a below average NSA (i.e. 'coxa vara', n = 29, mean NSA 120.1°, SD 2.9) is 3.8° higher than for subjects with an above average NSA (i.e. 'coxa valga', n = 31, mean NSA 128.1°, SD 3.0) (p < 0.01) (Fig. 8a) . The ML-offset showed a similar result. Again, there was a linear correlation between these two parameters: for every 5 mm increase in ML-offset, there was a 2.6° increase in MTIA. At level 4 (i.e. 15 mm proximal to the intercondylar notch), for instance, the mean MTIA was 4.6° higher in the subgroup with a below average ML-offset (n = 29, mean ML-offset 41.6 mm, SD 3.0) compared to the subgroup with an above average ML-offset (n = 31, mean ML-offset 49.6 mm, SD 2.7) (p < 0.01) (Fig. 8b) . Studying the effect of the FNAA in such a way did not reveal any clinical relevant difference in MTIA between subjects with a FNAA below the average versus subjects with a FNAA above the average. The parameters describing the morphology of the proximal femur were also correlated with each other: subjects with a large NSA (i.e. coxa valga) on average had a smaller ML-offset (Pearson's R = 0.51, p < 0.001) and a smaller FNAA (Pearson's R = 0.36, p < 0.01).
Two observers defined the position of the landmarks on a subset of 20 subjects with an intraclass correlation coefficient of 0.99 (average difference 1.2° ± 0.7°) for the final outcome values.
Discussion
The most important finding of the present study was that all three parameters describing the morphology of the proximal femur (i.e. FNAA, NSA and ML-offset) were correlated with the medial trochlear inclination angle (MTIA) in females, while no such effect was found in males. Subjects with relatively high femoral neck anteversion, low NSA and high mediolateral offset had on average a higher MTIA, independent of length and weight. The effect of the NSA and the ML-offset on the MTIA was even larger than the clinical threshold of ±3°, frequently used to assess correct component rotation. These results not only confirm the hypothesis that a correlation exists between the morphology of the proximal femur with that of the distal femoral trochlea, but also the hypothesis that this correlation is gender specific.
Regarding the other parameters measured, we conclude that the CTA was not correlated with the FNAA in the correlation analysis. However, a subtle difference of 0.7° was observed when the total population was categorised in two groups based on a low or a high FNAA, indicating that subjects with a high FNAA had a slightly higher CTA.
Nevertheless, the clinical relevance of this finding can be questioned. TSA was only correlated at the level 10 mm proximal to the intercondylar notch centre with the NSA, meaning that subjects with a relatively high NSA (i.e. coxa valga) had a greater TSA. LTIA was not correlated with any proximal femoral parameter studied.
The mean values and standard deviations for the individual parameters found in this study compare well to values reported in other studies. Across the 60 subject samples, the FNAA yielded an average of 12.6° which compares with other studies that have used a similar technique, in addition to those that have used a different technique to measure the FNAA [2, 28, 35] . The NSA and ML-offset found in the present study correspond with the values found by Maruyama et al. [19] studying the anatomy and morphology of 100 cadaveric femora: NSA 125.0° (SD 4.8), ML-offset 44.6 mm (SD 6.7); in the present study, these values were 124.2° and 45.8 mm, respectively. Regarding the CTA, our findings correspond very well with the values found by Yoshino et al. [34] The TSA, LTIA and MTIA values are difficult to compare with previous work done by others, because there is high variation in methodology to assess the geometry of the trochlea. Van Haver et al. [31] , who studied the differences in distal femur morphology between a population with trochlea dysplasia (n = 20) and healthy controls (n = 20), used a plane angled 15° caudal with the long axis of the femur and found a TSA of 150.3° (SD 4.4) in their control population. Reikeras [24] measured the TSA at a mid-patellar level and reported 145.0° (SD 10.0). Eckhoff et al. [10] described the same methodology, but did not report TSA values. In existing literature, only a few studies have been published concerning the correlation between the morphology of the proximal femur with that of the distal femur. Weidow et al. and Boissonneault et al. studied this correlation only in the coronal plane and concluded that subjects with a higher ML-offset and a lower NSA more often had osteoarthritis of the medial compartment of the knee. In other words, a so-called coxa vara leads to a more varus hip-knee-ankle axis with degenerative changes as a consequence on the long term. On the contrary, they found that subjects with a lower ML-offset and a higher NSA (i.e. typical 'coxa valga') more often had osteoarthritis of the lateral compartment [3, 33] . Eckhoff et al. [10] investigated the correlation between anterior knee pain and femoral neck anteversion in a population of 20 symptomatic and 20 asymptomatic subjects. They found that femoral neck anteversion in subjects with anterior knee pain was significantly higher compared to asymptomatic subjects. They did not find any difference in trochlear morphology or configuration; however, the parameters to define this morphology were limited [10] . Reikeras [24] investigated patellofemoral characteristics in a population of 15 female patients who were evaluated for clinical symptoms of increased femoral anteversion compared to a population of 17 female control patients without symptoms. Their methodology was the same as Eckhoff et al. encompassing the same limitations and weaknesses, as well as a small study population, probably too small to detect any correlations. The CT scans used by Eckhoff et al. and Reikeras et al. were made in the supine position with the knee extended. As a consequence, the position of the patella is relatively proximal to the trochlea and the condyles. Measuring trochlear dimensions at the cranio-caudal middle of the patella in this position does not reflect the level of the trochlea where the patella usually articulates. Therefore, the results of both studies must be interpreted with caution. Takai et al. [29] studied the effect of rotational alignment of the lower limb in 43 patients with osteoarthritis of the knee and concluded that subjects with osteoarthritis of the patellofemoral compartment had a higher femoral neck anteversion angle. Lee et al. studied the effect of fixed rotation deformities of the femur on patellofemoral contact pressures in seven human cadaveric knees. They concluded that excessive internal rotation of the femur, which corresponds with a high femoral neck anteversion angle, resulted in higher contact pressures on the lateral facet of the patella. The opposite was also true: excessive external rotation of the femur (i.e. low femoral neck anteversion), resulted in higher contact pressures on the medial facet of the patella [17] . These findings can be linked to basic joint physiology, in which it is postulated that the morphology of the femoral condyles results from pressure applied by the patella throughout development [15] . The results presented in this study support the findings from others. For example, subjects with a relatively large NSA (i.e. 'valgus hip') appeared to have a relatively small mediolateral offset and a low femoral neck anteversion angle. This combination leads to an externally rotated leg and results in potential higher contact pressures on the medial trochlea, which in the long term might result in a flatter medial trochlear facet (i.e. low medial trochlear inclination angle).
The authors are aware of some limitations to the study and the potential for further work that this could lead to. Firstly, the age of the study population was between 80 and 90 years, often referred to as octogenarians. This population was chosen because it was investigated earlier for another study on femur morphology, and high-resolution CT scans of the complete femur were available. Although the very elderly form a rapidly growing population in which there are increasing incidences of joint replacement, it does not reflect the average age of patients undergoing TKA (on average 68 years [1] ). Although age-related changes of external femoral morphology are described in children [6] , we are not aware of any further age-related changes from the seventh to ninth decade of life. A second limitation was that this study used static CT scans instead of dynamic modalities to investigate the correlation between the morphology of the proximal and the distal femur. The disadvantage of using CT scans in this way is that only the static bony anatomy is analysed without the soft tissues and the dynamic situation being considered. When carrying out further investigations, a method of assessing correlations between the proximal and distal femur under dynamic situations should be used to link up with the static radiological analysis. It is only by doing this combined analysis that the true effect may be understood, as an isolated static view has limited how far the final conclusions can go regarding the relationship between the proximal and distal femur in this study. The third limitation concerns the fact that the trochlea angles were measured using CT describing the subchondral osseous anatomy rather than the cartilage as captured by MRI. However, while a study of Staubli et al. [26] quantified the thickness difference, angular measurements like in this study shall hardly be affected. A final limitation concerns the method to describe the anatomy of the trochlea. As stated above, many different methods are described, varying from an axial view of the distal femur/patella on X-rays till 3D reconstructions using CT or MRI. However, no golden standard has been described, and comparison of trochlear anatomy between studies remains difficult. Unfortunately, our version of the software program Materialise Mimics (v10) was not capable of reconstructing planes under a desired angle, as described by Van Haver et al. [31] . Therefore, we were forced to use the axial CT slices to obtain data on the morphology of the trochlea. In order to describe the anatomical features of the distal femur as accurately as possible, we measured the same parameters on four slices ranging from the level of the intercondylar notch centre (INC) to 15 mm proximal to that level. This is in contrast to the method used by Reikeras [24] and Eckhoff et al. [10] describing the morphology of the trochlea using a single level at the cranio-caudal middle of the patella.
The clinical importance of this study is that the geometry of the proximal femur has an effect on the morphology of the distal femur, in particular the medial trochlea. Excessive proximal femoral geometry, regardless of the plane in which it is present (either coronal or transverse), should therefore be noticed prior to surgery at the distal femur. In order to improve our understanding of the physiological kinematics of the knee joint and to improve the concept of kinematic knee replacement, the proximal femur seems to be a factor of clinical importance. In addition, orthopaedic surgeons treating conditions concerning the hip (varying from osteotomy to arthroplasty) should be aware of potential effects of their operations on the morphology of the distal femur on the long term. Further research is, however, needed to define the exact clinical implications of proximal femoral geometry on the biomechanical and kinematic behaviour of the distal femur. Thorough understanding of this correlation might also help to understand why some patients with an apparently successful TKA still have complaints and inferior knee function.
Conclusions
Combining the findings from previous clinical and biomechanical studies with the results presented in the current study, we conclude that the shape and configuration of the proximal femur is distinctively linked with the morphology of the distal femur. Interestingly, morphological features of the proximal femur in the coronal plane (i.e. NSA and ML-offset) appear to influence the morphology of the distal femur not only in the coronal plane (i.e. varus/valgus axis) but also in the transverse plane (e.g. trochlear morphology). These effects are more profound in females than in males and are independent of length and weight. The effect of the NSA and ML-offset on the medial trochlear inclination angle exceeds the clinical relevant threshold of 3°. This correlation has never been described before, either because of poor methodology, low study power, or simply because of focusing on a limited set of parameters instead of a more extensive analysis.
